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abstract: Understanding biodiversity gradients is a long-standing challenge, and progress requires theory unifying ecology and evolution. Here, we unify concepts related to the speed of evolution, the influence of species richness on diversification, and niche-based coexistence. We focus on the dynamics, through evolutionary time, of community invasibility and species richness across a broad thermal gradient. In our framework, the evolution of body size influences the ecological structure and dynamics of a trophic network, and organismal metabolism ties temperature to eco-evolutionary processes. The framework distinguishes ecological invasibility (governed by ecological interactions) from evolutionary invasibility (governed by local ecology and constraints imposed by small phenotypic effects of mutation). The model yields four primary predictions: (1) ecological invasibility declines through time and with increasing temperature; (2) average evolutionary invasibility across communities increases and then decreases through time as the richness-temperature gradient flattens; (3) in the early stages of diversification, richness and evolutionary invasibility both increase with increasing temperature; and (4) at equilibrium, richness does not vary with temperature, yet evolutionary invasibility decreases with increasing temperature. These predictions emerge from the "evolutionary-speed" hypothesis, which attempts to account for latitudinal species richness gradients by invoking faster biological rates in warmer, tropical regions. The model contrasts with predictions from other richness-gradient hypotheses, such as "niche conservatism" and "species energy." Empirically testing our model's predictions should help distinguish among these hypotheses.
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Introduction
Since the writings of Alexander von Humboldt (see Hawkins 2001) , ecologists and biogeographers have documented patterns of species richness across spatial and environmental gradients and have sought to understand the processes that create them (Dobzhansky 1950; Fischer 1960; Pianka 1966; MacArthur 1969 MacArthur , 1972 Brown 1981; Mittelbach et al. 2007 ). On the one hand, several general but static richness patterns have been documented. Richness tends to increase toward the tropics (Rohde 1992; Willig et al. 2003; Hillebrand 2004) , with increases in environmental energy (Currie 1991; Wright et al. 1993; O'Brien 1998; Hawkins et al. 2003; Tittensor et al. 2010) , and with increasing spatial (Dengler 2009 ) and temporal extent (White et al. 2006) . On the other hand, richness gradients must reflect dynamical processes linking speciation, extinction, and ecology through time (Rosenzweig 1975) . Evolutionary rates are dynamic through time (Sepkoski 1998; Crame 2001; Leighton 2005; Powell 2007; Fisher et al. 2008; Alroy 2010) and are influenced by processes that operate across both ecological and evolutionary timescales (Ricklefs 2004 (Ricklefs , 2007 Jablonski et al. 2006; Harrison and Cornell 2007) . Consequently, snapshots of richness gradients cannot fully capture the dynamical forces that generate those gradients. Despite an increasing realization that dynamical processes underlie richness gradients, there are surprisingly few mechanistic models that integrate ecological and evolutionary forces in order to predict large-scale, dynamic patterns of richness (e.g., Allen et al. 2006 Allen et al. , 2007 Quental and Marshall 2010) . Explanations for variation in richness across environmental gradients have instead been limited primarily to conceptual models and correlative inference (Currie et al. 1999 (Currie et al. , 2004 Willig et al. 2003) .
Evolutionary processes generate new species, and ecological processes determine whether new species establish in local communities and whether successful invasions drive other species to extinction. Mechanistically linking evolutionary and ecological processes to species richness has been impeded because different approaches emphasize different factors. Niche theory emphasizes deterministic ecological processes of coexistence and exclusion (Roughgarden 1976; Chesson 2000) ; neutral models (Hubbell 2001) focus on the role of stochastic genesis and extinction of species; and in the historical-biogeography approach, ancestral community states and evolutionary niche conservatism are key (Ricklefs and Schluter 1993; Wiens and Donoghue 2004) . All three approaches aim at understanding variation in richness and community structure, and recent studies work to unify them (Tilman 2004; Gravel et al. 2006; Adler et al. 2007; McPeek 2008) .
Here, we continue working toward a theory of biodiversity that unifies ecological and evolutionary processes. To do so, we focus on evolutionary-timescale dynamics of the linkages between species richness and community invasibility along an environmental temperature gradient. Community invasibility measures the susceptibility of a community to successful invasion by novel phenotypes (Levine 2000; Levine et al. 2002) and has both ecological and evolutionary components. We define the ecological invasibility of a community as the fraction of phenotypic space that can be successfully invaded (i.e., the fraction of possible phenotypes that have positive population growth rate). Ecological invasibility is most relevant to community assembly across relatively small spatial extents (e.g., elevation gradients), where potential invaders come from a regional species pool. We define evolutionary invasibility as the fraction of phenotypes with positive population growth rate that can also be generated via mutation. Evolutionary invasibility measures how susceptible a local community is to invaders that are constrained to be phenotypically similar to established species due to small mutational effects. Thus, evolutionary invasibility is particularly relevant when local communities are spread across large spatial extents, over which evolutionary processes have a strong influence on local community assembly (e.g., see Jenkins and Ricklefs 2011 and associated articles) .
To develop a theoretical framework that unifies ecological and evolutionary processes in order to predict the joint dynamics of species richness, ecological invasibility, and evolutionary invasibility across a broad temperature gradient, we build on and pioneering theoretical work on diversity dynamics (e.g., Raup and Gould 1974; Roughgarden 1976 Roughgarden , 1979 Rummel and Roughgarden 1985) . The model is rooted in the assumption that temperature influences mutation rates, as predicted by metabolic theory Gillooly et al. 2005 ), thereby formalizing a basic tenet of the evolutionary-speed hypothesis for latitudinal species richness gradients (Rohde 1992 ). In our model, mutation alters a key functional trait (body size), which differs between species and shapes ecological (trophic, competitive) interactions among them (Loeuille and Loreau 2005) . These interactions determine a community's ecological and evolutionary invasibility. The evolution of a new species is therefore a two-stage process: production of a novel body-size phenotype by mutation, followed by its establishment through the ecological process of invasion (Vincent and Brown 2005) . Richness at any point along the temperature gradient is measured as the number of unique body size phenotypes represented in the community. As invasion occurs, the ecological state and dynamics of the community change, thus closing the feedback loop between ecology and evolution (Ferrière et al. 2004; Champagnat et al. 2006; Fussmann et al. 2007 ).
In addition to studying the dynamic linkages among species richness, ecological invasibility, and evolutionary invasibility, we use our framework to assess three predictions rooted in classical niche theory: (1) Invasibility should decrease through evolutionary time as the richness of an assemblage increases and niches are filled (MacArthur and Levins 1967; Sepkoski 1979; Stanley 1998; McPeek 2008) . (2) Throughout evolutionary history, communities of high richness should be associated with low invasibility, while low-richness communities should be associated with high invasibility, causing richness and invasibility gradients to have slopes of opposite sign (Elton 1958; Case 1990) . (3) In the long term, community evolution should lead to the equalization of richness and the minimization of invasibility along the environmental gradient Ricklefs 2010) . Our results show that these predictions are supported when framed in terms of ecological invasibility but are not entirely supported when framed in terms of evolutionary invasibility, indicating that niche theory cannot be directly "scaled up" to predict evolutionary dynamics. Focusing our in-depth analyses on evolutionary invasibility therefore sheds new light on how richness gradients are governed by feedbacks between ecological and evolutionary processes.
Finally, our framework provides novel predictions useful for distinguishing among hypotheses related to large-scale richness gradients. This is particularly relevant in light of , showing that a temperature-dependent mutation rate results in richness-temperture gradients ranging from very steep to flat, depending on the stage of diversification. The evolutionary-speed hypothesis (Rohde 1992 ) is therefore consistent with a broad range of richness-temperature gradients. In turn, it is difficult to distinguish the evolutionary-speed hypothesis from other hypotheses related to large-scale richness gradients. By examining patterns of covariation between richnesstemperature gradients and invasibility-temperature gradients, we propose new ways for distinguishing the evolutionary-speed hypothesis from alternatives.
Model Description
The basis of our eco-evolutionary approach is detailed in and is only summarized here (see also Stegen and Swenson 2009) . We consider a consumerresource interaction in which consumers are characterized phenotypically by their body mass. Survival and reproductive potential of consumers scale with body size according to allometric rules (Peters 1983; Brown et al. 2004; Savage et al. 2004) . Differences in body size between consumers determine their trophic and competitive relationships. Thus, trophic interactions are size structured, such that smaller body size phenotypes are consumed by larger phenotypes (Woodward et al. 2005; Petchey et al. 2008; Berlow et al. 2009 ). The community composition, that is, the distribution of body size, can evolve because of heritable variation in body size (Loeuille and Loreau 2005) .
The probability a of a mutation in the body mass of a consumer's progeny is assumed to scale with the consumer's metabolic rate, as predicted by metabolic theory Gillooly et al. 2005 : a p , where M is body mass, T is environmental
a NM e * temperature (in kelvins), a * is a normalization constant independent of body mass and temperature, N is population biomass, eV is the mean activation energy E ≈ 0.65 of metabolic reactions (Gillooly et al. 2001 Brown et al. 2004) , and k is Boltzmann's constant ( Ϫ5 8.62 # 10 eV/K). Selection on variation in body mass is generated by local ecological interactions among extant species in the community, and selection varies through time as the community evolves (similar to Simpson 1953; Rosenzweig 1978; Brown and Vincent 1987; Vincent and Brown 2005) . Reproduction of an ancestral primary consumer (feeding only on basal resources) provides mutants that initiate the diversification of body size and the emergence of a trophic interaction network. Furthermore, population density and the size of the basal resource pool are dynamic, such that the realized richness in a given community emerges as a consequence of feedbacks between ecological interactions and mutation (Loeuille and Loreau 2005) . The temperature gradient in richness is therefore due to the combined influences of ecological interactions and temperaturedependent mutation rate . Equations describing the model and parameter values are provided in tables 1 and 2. Parameter values follow Loeuille and Loreau (2005) , who identified them as generating trophic networks with numerous empirically supported properties (see also Loeuille and Loreau 2006) .
Model Analyses
Communities were initialized as a single consumer with a body size of 2 and an initial basal resource pool, which is taken to be inorganic nutrients with body size 0. Richness was measured as the number of unique body size phenotypes in a given community at a given point in time, and we refer to this as species richness, or just richness. Species were assumed to be extinct if their population size fell below the population biomass of a new mutant (10 Consumer Gaussian feeding function
Ϫ20
Nutrient dynamics
Note: See table 1 for parameter descriptions. Consumer body size and population biomass for phenotype i are given, respectively, by M i and N i . Consumer phenotypes are ordered by body size from 1 to n, and basal resources are denoted by subscript 0.
mass units area unit Ϫ1
). Mutational step size was constrained such that a mutant's body size was taken as a proportion, drawn from a uniform distribution between 80% and 120% of its ancestor's body size. Communities were evolved across a gradient in temperature, which included 5Њ, 10Њ, 15Њ, 20Њ, 25Њ, 30Њ, 35Њ, 40Њ, and 45ЊC. Because of the assumed thermal dependence of mutation rate, this temperature gradient resulted in a mutation rate gradient. Each community was evolved long enough (10 million time steps) for richness to equilibrate at all temperatures, and communities were sampled every 1,000 time steps. Model simulations were run in the program R (http://www.r-project.org/), and the computer code is provided in a zip file, available online.
The maximum body size that emerged in any model community was slightly below 12 mass units, and thus we defined the body size range from 0.1 to 12 mass units as the potential phenotypic space. To calculate ecological and evolutionary invasibility at a given point in time, the hypothetical population growth rate of each body size across the potential phenotypic space was calculated, given the ecological background set by the extant community. Ecological invasibility is then defined as the subset (measured as a percentage) of body sizes across the potential phenotypic space that have positive population growth rates. Evolutionary invasibility is defined as the subset (also measured as a percentage) of body sizes within the potential phenotypic space that have positive population growth and can be reached by a single mutation from extant species.
To quantify relationships between temperature and our three response variables, we fitted linear regressions relating each natural log-transformed response to inverse temperature (
). This approach is used because in the 1/kT model, we assume that ln(mutation rate) varies linearly as , where (see "Model Description"). In ϪE/kT E p 0.65 addition, when the metabolic influence of temperature is mediated solely through mutation rate, the evolution of trophic networks along a temperature gradient results in a linear relationship between ln(richness) and (Stegen 1/kT et al. 2009; fig. 1A, 1B) . This approach can lead to confusion, however, because a negative relationship indicates that the response variable increases with increasing (untransformed) temperature. For clarity, in all regression analyses we use the negative of the natural log-transformed response variable. In this case, a positive regression slope indicates that the (untransformed) response variable increases with increasing (untransformed) temperature. Likewise, a negative slope indicates that the response variable declines with increasing temperature. We refer to richness-temperature slopes as "steep" or "shallow" to indicate the absolute rate at which Ϫln(species richness) changes linearly with . The steepest richness-temper-1/kT ature slope expected to emerge is positive and close to ϩ0.65 ). A slope of this magnitude indicates that richness is directly proportional to mutation rate, because Ϫln(mutation rate) is assumed in the model to vary as ϩ , where (see "Model Descrip-E/kT E p ϩ0.65 tion," but note the changes in sign).
We examined how the steepness of the richness-temperature slope covaried through time with mean evolutionary invasibility. Here, mean evolutionary invasibility was evaluated across all communities. This required that the richness-temperature slope and the mean evolutionary invasibility be quantified at each point in time. The necessary analyses for two points in time are detailed in figures 1A and 1B, and the resulting data are plotted in figure 1C , alongside data from all other time points. We also evaluated how richness-temperature slopes covaried through time with evolutionary invasibility-temperature slopes. This required the additional step of estimating the linear slope of Ϫln(evolutionary invasibility) regressed against at each point in time. Example analyses for two time 1/kT points are provided in figures 1D, and 1E, and the resulting data are plotted in figure 1F , alongside slope values from all other time points.
Our analyses focused primarily on richness and evolutionary invasibility. With the goal of generating predictions useful for testing the evolutionary-speed hypothesis against alternative richness-gradient hypotheses, we also examined ecological invasibility and studied model predictions in re-sponse to changes in consumer niche width, the width of the interference-competition neighborhood, the limit on mutational step size, and the presence or absence of dispersal from a regional species pool. Consumer niche width (see tables 1, 2) influences the range of prey body sizes that a given predator phenotype consumes: broader niches cause broader foraging with respect to prey body size. Along with body size, niche width defines the ecological function of each phenotype and may therefore influence ecological and evolutionary invasibility. In addition, niche width was shown by to affect the influence of mutation rate on species richness: broader niches were associated with a stronger influence of mutation rate on richness. Broader niches may therefore lead to shallower temperature gradients in ecological and evolutionary invasibility. Because of this a priori expectation, we present results from the niche width sensitivity analyses in the main article and results from all other sensitivity analyses in a PDF file available online. The constrained mutational step size was set to 80%-120% of the ancestor's body size, and unconstrained mutation produced mutants anywhere across the potential phenotype space (body sizes from 0.1 to 12). To model dispersal, the probability (0.01) of drawing a species from the regional species pool was two orders of magnitude higher than the mutation probability at 25ЊC. This dispersal probability captures the biologically realistic condition that dispersal and emigration occur on shorter timescales than does mutation. If a dispersal event occurred, the body size of the emigrating species was chosen randomly from the species pool, which contained body size phenotypes ranging from 0.1 to 12.
Model Assumptions
Our theory makes five key assumptions (see also (1) all species have the same degree of specialization (niche width); (2) species ecological function is embodied by one phenotypic trait (body size); (3) trophic relations are determined by a unimodal function of consumer-resource size difference; (4) the thermal dependence of metabolism does not affect organismal activity or production; and (5) the environment remains constant.
Assumption 1 is useful for evaluating variation in richness and community invasibility while controlling for differences between species in niche width. Note, however, that the constant width is that of the intrinsic (fundamental) niche; the realized niche is determined by the fundamental niche and the distribution of body sizes in the community. Thus, all species have different realized niches, and realized niches are dynamic and change through time.
Assumption 2, albeit simplistic, is supported both theoretically and empirically. Body size is a highly-perhaps the most-integrative functional trait with a strong genetic basis (Peters 1983; Brown et al. 2004; Coyne and Orr 2004; Smith et al. 2004 ). The power of this assumption lies in the opportunity to use well-established and general allometric relationships (Peters 1983; Brown et al. 2004; Savage et al. 2004 ) to connect the evolving trait (body size) with fitness components and therefore with selection and adaptive evolution (as in Loeuille and Loreau 2005, 2006; Ingram et al. 2009; Stegen and Swenson 2009) .
Assumption 3 has both theoretical and empirical support (Sala and Graham 2002; Có zar et al. 2008 ) and was used so that mutants add to the pool of resources of some established species and to the pool of natural enemies of other species. The community therefore self-generates variation in the structure of its resources and enemies, which is the important process here. Details of its implementation should have little effect on the general patterns predicted by the model.
Assumption 4 allows us to focus on a version of the evolutionary-speed hypothesis for the evolution of largescale richness patterns, in which we have an explicit, quantitative model for the translation of the environmental (temperature) gradient into an evolutionary-rate gradient. Metabolic rates could also mediate an influence of temperature on organismal activity and productivity (Allen et al. 2002; Stegen et al. , 2012 . The evolutionary dynamics of richness and invasibility gradients may then differ, and the question of interest here is whether their patterns of covariation would be affected. This warrants further investigation.
With assumption 5, we emphasize that the ecological model of trophic interactions is deterministic. Semirandom introduction of new mutants does, however, provide a degree of stochasticity in each species' environment that can have important effects on community assembly (e.g., species richness overshooting its equilibrium at the warmest temperatures). It would, nonetheless, be useful to investigate how covariation between richness and invasibility gradients is affected by other sources of environmental fluctuation, which could differ in temporal pattern (frequency, amplitude, "color," trend) and spatial scale (Caswell and Cohen 1995; Chesson 2000; Levin 2000; Ripa and Ives 2003; Snyder 2008 ).
Results
Figure 2 shows how the ecological invasion landscape changes through evolutionary time. Broad plateaus of invadable body sizes emerge initially, and through time these plateaus splinter into distinct peaks. Ecological invasibility therefore declines continuously through time until reaching an equilibrium level ( fig. 3) , supporting prediction 1 in the "Introduction." In contrast, evolutionary invasibility 
examining temporal dynamics (C, F). A, B,
Example richness-temperature gradients from two points in time (see key) that relate the negative of natural log-transformed species richness to inverse temperature, whereby temperature increases from right to left. Colored lines indicate linear regression models, and the inset numerical values are the slopes of those regressions (e.g., ϩ0.06 in B). Positive or negative slopes indicate that untransformed richness increases or decreases, respectively, with untransformed temperature. To conduct the analysis presented in figure 5 , we also quantified mean evolutionary invasibility across all communities at a given point in time. For example, mean evolutionary invasibility at time 71,000 is the mean of all (untransformed) Y-axis values in E and equals 0.114. C relates the richness-temperature slope to mean evolutionary invasibility across all time points, as in figure 5B , and highlights data from the two example time points (colored circles). D and E provide examples of (negative) natural log-transformed evolutionary invasibility as a function of inverse temper-ature. Linear slope values are indicated by inset numerical values. F shows the analysis presented in figure 5D , which relates the richnesstemperature slope to the evolutionary invasibility-temperature slope. Richness-temperature slopes (from A and B) and evolutionary invasibilitytemperature slopes (from D and E) are highlighted as colored circles. All data shown are from model simulations with a niche breadth of 5, an interference neighborhood of 0.25, no dispersal, and a ‫%02ע‬ mutational step size (also see tables 1, 2). Horizontal dashed lines in C and F indicate a richness-temperature slope of ϩ0.65, the steepest richness-temperature gradient expected. The two time points were chosen by finding the steepest evolutionary invasibility-temperature gradients. Supplementary figures relating richness-temperature slopes to ecological invasibility-temperature slopes (e.g., fig. S10 ) were generated in the same manner shown here.
first increases, then decreases through time. It takes longer for peaks in invasibility to arise at cooler temperatures because of lower mutation rates and slower accumulation of richness and filling of niches (figs. 3, 4). The unimodal temporal pattern emerges because only a few novel phenotypes initially have positive growth and can be reached through mutation. As the range in extant body sizes increases, the number of phenotypes reachable through mutation also increases, thus increasing evolutionary invasibility. The body size range does, however, eventually reach an upper limit ( fig. S1 , available online) as niches become increasingly filled. As a result, evolutionary invasibility declines. The model thus predicts two phases of diversification. First, as diversification begins, increasing richness begets further diversification as a result of constrained mutational step size and the generation of novel, ecologically viable niches. Second, increasing richness eventually limits further diversification because of ecological saturation and the filling of phenotype space. The magnitude of the richness-temperature slope is related to mean evolutionary invasibility in a nonlinear but predictable manner. For both high ( fig. 5A ) and low ( fig.  5B ) consumer specialization, this relationship passes through three consecutive phases. In the first, rapid phase, the richness-temperature slope becomes steeper (more positive), while mean evolutionary invasibility increases. This phase ends with the richness-temperature slope reaching its most positive value. In the second, slower phase, the richness-temperature gradient begins to flatten (i.e., becomes shallower), while mean evolutionary invasibility increases slowly. The second phase ends when mean evolutionary invasibility reaches its maximum. In the third phase, mean evolutionary invasibility declines, while the richness-temperature gradient keeps flattening.
An intriguing result here is that the steepest richnesstemperature gradient does not coincide with maximum mean evolutionary invasibility. This is surprising because high evolutionary invasibility should result in richness being governed primarily by the input of mutations. If richness is mutation limited, it should scale directly with mutation rate, and the richness-temperature slope should approach the assumed mutation-temperature slope of ϩ0.65 and therefore take on its steepest value. Instead, when the steepest richness-temperature gradient emerges, the warmest communities are fully saturated, whereas evolutionary invasibility and richness are still increasing in the coolest communities. At this point (phase 2), increasing mean evolutionary invasibility and flattening richnesstemperature slopes are thus driven by evolutionary changes in the coolest communities. Examining temporal covariation between the steepness of richness-temperature gradients and that of evolutionary invasibility-temperature gradients ( fig. 5C, 5D ) further clarifies these dynamics. Figures 5C and 5D show covariation in the steepness of richness-temperature gradients and that of evolutionary invasibility-temperature gradients. The three phases outlined above are apparent again. In the first phase, steep positive gradients evolve quickly for both richness and evolutionary invasibility. This indicates that evolutionary invasibility initially increases with richness, further demonstrating a positive feedback between evolutionary invasibility and species richness. The fact that richness and evolutionary invasibility both increase with temperature during the first phase shows that higher temperatures can cause faster feedback dynamics because of higher mutation rates.
Upon the richness-temperature gradient reaching its most positive value, a second phase of gradient dynamics begins. In this second phase, as the richness-temperature gradient continuously flattens, the positive evolutionary invasibility-temperature gradient first flattens and then becomes increasingly negative ( fig. 5C, 5D ). The flattening of the richness-temperature gradient is due to continued diversification within cooler communities and the maintenance of equilibrium richness in the warmer communities ( fig. 4) . The reversal of the evolutionary invasibilitytemperature gradient from steeply positive to steeply negative ( fig. 5C, 5D ), while mean evolutionary invasibility remains high ( fig. 5A , 5B), is due to invasibility changing little at warmer temperatures while it increases markedly at cooler temperatures ( fig. 4) . In the third phase, the richness-temperature gradient becomes nearly flat, while the evolutionary invasibility-temperature gradient remains steeply negative ( fig. 5C, 5D ). Also during the third phase, mean evolutionary invasibility declines ( fig. 5A , 5B) because evolutionary invasibility is decreasing at all temperatures (figs. 3, 4).
Our sensitivity analyses (see figs. S2-S13, available on-
Temporal dynamics of ecological invasibility across the body size axis. Ecological invasibility is sampled every 10,000 time steps for two niche widths and three temperatures. Black indicates a body size that has positive population growth rate, and white indicates body sizes that are either already in the system and have zero population growth rate or ones that are not in the system but would have negative population growth rate. The persistent uninvaded region at small body sizes for broad niche width results because those body sizes were never reached via the relatively small mutation step size (see "Model Analyses").
line) show that ecological invasibility is always expected to decrease with increasing temperature (figs. S4, S5, S8-S13), which supports prediction 2 when coupled with the expectation that richness increases with increasing temperature (i.e., richness-temperature gradients and ecological invasibility-temperature gradients are opposite in sign). In contrast, expectations for evolutionary invasibility-temperature gradients are sensitive to model assump- figure 2 . Ecological invasibility was measured as the fraction of phenotype space (body size range p 0.1-12) that is ecologically invadable (i.e., where population growth is positive). Evolutionary invasibility adds the additional constraint that phenotypes must be reachable via mutation (see "Model Analyses"). Note that maximum evolutionary invasibility is realized at the warmest temperature when evolutionary invasibility is near its minimum for the coldest temperature.
tions. Positive evolutionary invasibility-temperature gradients emerge only when richness-temperature gradients are steeply positive (more positive than about ϩ0.35) and when communities assemble through a diversification process relying on mutations that each have a relatively small phenotypic effect (cf. fig. S2 with figs. S3-S13). More specifically, evolutionary invasibility-temperature gradients are nearly always negative when there is global dispersal or when mutational step size is unconstrained (in which case, evolutionary and ecological invasibility become equivalent; cf. fig. S2 with figs. S3, S4 ). In addition, richness-temperature gradients are expected to be relatively flat when there is global dispersal (cf. figs. S2 and S3), and increasing the width of the interference-competition D) . The time axis is log transformed in all panels so that early dynamics can be better visualized. Other axes are not transformed. The time axis is reversed in C and D so that invasibility patterns can be seen during the later stages of community assembly. Having temperature increase from right to left is consistent with the direction that temperature changes when inverse temperature is used on the X-axis (as in fig. 1A, 1B) . Colors indicate magnitude on the vertical axes.
neighborhood can limit coexistence and diversification to the point that there is effectively no diversification or evolutionary invasibility ( fig. S6 ).
Discussion
Our analyses of ecological invasibility are consistent with three predictions from niche theory (see "Introduction"):
(1) ecological invasibility declines as diversification proceeds; (2) while all ecological invasibility-temperature gradients are negative, richness-temperature gradients are positive; and (3) at equilibrium, richness shows minimal variation across the temperature gradient and ecological invasibility is generally low. In contrast, our model predicts that evolutionary invasibility first increases and then de- D) . The richness-temperature slope is the linear slope of Ϫln(richness) regressed against inverse temperature ( ), where k is Boltzmann's 1/kT constant ( eV/K) and T is temperature (K; as in fig. 1A, 1B) . Similarly, the evolutionary invasibility-temperature slope is the linear Ϫ5 8.62 # 10 slope of Ϫln(evolutionary invasibility) regressed against (as in fig. 1D, 1E ). Positive slopes indicate that the (untransformed) independent 1/kT variable increases with (untransformed) temperature. Niche widths are as in figure 2: 0.5 in A and C and 5 in B, and D. Colors and dashed arrows indicate the temporal trajectory of community assembly. A, B, Evolutionary invasibility is averaged across communities evolved at all nine temperatures (see fig. 1 ). Each data point therefore corresponds to the conditions across all communities at a given time. Horizontal dashed lines indicate a slope of ϩ0.65, which emerges when richness is directly proportional to the temperature-dependent mutation rate. C, D, The diameter of each data point is proportional to the mean evolutionary invasibility evaluated across all communities. Each data point thus represents three cross-community emergent properties at a given point in time. A small amount of error was introduced along both axes so that data points could be more easily visualized. Vertical dashed lines indicate a slope of 0. creases through time. Further, during the early stages of diversification, richness-temperature and evolutionary invasibility-temperature gradients are both steeply positive.
Evolutionary invasibility initially increases with species richness because the probability of a given phenotype successfully invading is proportional to the product of the phenotype's population growth rate starting from rare and the probability that a mutation will produce the phenotype. As richness and the extant phenotype range increase through time, more phenotypes will have nonzero invasion probabilities because of mutation's ability to produce a larger range of phenotypes. At the same time, antagonistic interactions reduce population growth rates. Proportional increases in the probabilities of arising through mutation initially outpace the proportional declines in population growth rates. The outcome is an eco-evolutionary feedback where "diversity begets diversity" (see also Emerson and Kolm 2005; Benton and Emerson 2007; Markov et al. 2010) . This continues until niche space is effectively saturated, at which point richness limits further diversification, consistent with niche theory.
Our results collectively suggest that richness and invasibility are coupled by eco-evolutionary feedbacks that can be positive or negative, depending on the type of invasibility considered and the stage of diversification. Examining covariation between richness-temperature gradients, evolutionary invasibility-temperature gradients, and ecological invasibility-temperature gradients provides new predictions that can help distinguish among alternative hypotheses attempting to explain large-scale richness gradients. This addresses an issue raised in , where we concluded that testing the evolutionaryspeed hypothesis may be difficult because temperaturedependent mutation rate can lead to a broad range of richness-temperature slopes.
Model Predictions and Alternative Hypotheses
Our model predicts thermal gradients in and relationships among species richness, evolutionary invasibility, and ecological invasibility by building in temperature-dependent mutation rate, a key tenet of the evolutionary-speed hypothesis (Rohde 1992; Allen et al. 2006; ). We next consider how our model's predictions may be used to distinguish the evolutionary-speed hypothesis from alternatives that also attempt to explain large-scale species richness gradients. We focus on two major hypotheses that invoke mechanisms fundamentally different from temperature-dependent mutation rate: the nicheconservatism (Wiens and Donoghue 2004) and speciesenergy (Wright 1983) hypotheses. We also choose to focus on these hypotheses because they have garnered substantial empirical support and currently represent major research themes (e.g., Hawkins et al. 2003; Hurlbert 2006; Wiens et al. 2006 Wiens et al. , 2010 Buckley et al. 2010; Hawkins 2010; Hurlbert and Jetz 2010) .
Ecological Invasibility. The most general prediction of our model is that ecological invasibility should decrease with increasing temperature. This prediction holds regardless of niche breadth, mutational step size, the presence or absence of dispersal, or the width of the interference neighborhood. The only exception is the trivial case where there is no diversification because of constrained mutation, no dispersal, and a broad interference neighborhood (figs. S6, S13).
The prediction of ecological invasibility decreasing with increasing temperature contrasts with conceptual predictions from the niche-conservatism and species-energy hypotheses. The niche-conservatism hypothesis posits that new species are less likely to become extinct if they arise in their clade's ancestral environment (Wiens et al. 2010) . In this case, a clade that arose in the tropics would have greater net diversification and higher species richness in the tropics than in the temperate zone (Wiens and Donoghue 2004; Hawkins 2010; Wiens et al. 2010) . Although this scenario relies on invasion resulting from evolutionary processes, the hypothesis should extend to invasion by dispersal, and it can therefore be framed in terms of ecological invasibility. Specifically, under the niche-conservatism hypothesis, ecological invasibility should increase with increasing temperature for groups that arose in warm regions. The species-energy hypothesis predicts species richness to increase toward the warm tropics as a result of increases in resource supply (e.g., primary production; Field et al. 1998) . The species-energy hypothesis should therefore be consistent with ecological invasibility increasing toward the warm tropics: greater resource supply increases population growth rate, allowing more invading species to persist. In sum, the niche-conservatism and species-energy hypotheses predict a positive ecological invasibility-temperature gradient, while the evolutionaryspeed hypothesis predicts a negative ecological invasibilitytemperature gradient. This distinction may help empirical studies distinguish among hypotheses that all predict species richness to increase with increasing temperature and toward the tropics.
To empirically quantify ecological invasibility across temperature gradients, it may be useful to employ the population-modeling approach advocated by Siepielski and McPeek (2010) , which examines the role of invasibility in coexistence (see also Chesson 2008) . Using observational or experimental data for density dependence and trade-offs, one could build an empirically parameterized model (see Ogle 2009 ) of extant community dynamics (e.g., Wilson et al. 1999; Adler et al. 2010) . The model would subsequently be used to estimate ecological invasibility for novel (unobserved) species, as we did using our more general model. Alternatively, or in conjunction with this modeling approach, it may be useful to find the ratio of nonnative to native species richness and relate this ratio to environmental temperature. The nonnative-to-native richness ratio could provide a measure of ecological invasibility, and our model predicts the ratio to decrease with increasing temperature. The size of the nonnative species pool, and presumably propagule supply, strongly influences nonnative species richness (Stohlgren et al. 2008) , and these effects would need to be accounted for.
Shallow Richness-Temperature Slopes. An empirical pattern of decreasing ecological invasibility with increasing temperature would be consistent with our model, but further evaluation could focus on additional predictions that apply in specific contexts. Specifically, an empirically observed richness-temperature slope between 0 and about ϩ0.2 should be coincident with evolutionary invasibility decreasing with increasing temperature. This prediction holds irrespective of niche breadth, mutational step size, the presence or absence of dispersal, and interferenceneighborhood width (figs. S2-S9). To test this prediction, phylogenetic tools (e.g., Morlon et al. 2010 Morlon et al. , 2011 Stadler 2011) could be used to infer speciation rate, which should be directly related to evolutionary invasibility: increasing evolutionary invasibility increases the probability that a successful mutant will be produced. In this case, a decrease in speciation rate with increasing temperature would be consistent with our model.
The model further predicts that global dispersal results in richness-temperature slopes that are always shallower than about ϩ0.2 (figs. S3, S5, S7, S9). The type of dispersal implemented in our model is consistent with all communities drawing from the same regional species pool, which is similar to allowing complete exchange of propagules among communities. Therefore, our model predicts that if there is propagule exchange among communities that differ widely in temperature, the associated richnesstemperature slope should be shallower than ϩ0.2. An important implication of this prediction is that temperaturedependent mutation rate, and thus the evolutionary-speed hypothesis, is not a likely explanation of steep richnesstemperature relationships across elevation gradients (e.g., McCain and Sanders 2010), where propagules may be commonly exchanged across a large temperature gradient.
Compared to the evolutionary-speed hypothesis, the niche-conservatism and species-energy hypotheses are both more likely explanations of steep richness-temperature relationships when there is frequent propagule exchange. The niche-conservatism hypothesis predicts that species richness is governed by the magnitude of departure from the ancestral environment. For groups that arose in warm regions, richness should increase with increasing temperature even when propagules move freely across the temperature gradient. The species-energy hypothesis assumes that richness is governed more by resource supply than by propagule supply. Consequently, in cases where resource supply decreases with increasing elevation, complete exchange of propagules among all communities should not erode a steep richness-temperature gradient that is governed by resource supply.
Steep Richness-Temperature Slopes. Many empirical systems are characterized by richness-temperature slopes steeper than ϩ0.2 ). Limited propagule exchange among widely separated communities in these systems would be consistent with our model. In this situation, the model makes additional, novel predictions that could be evaluated. Specifically, if the richness-temperature slope is steeper than about ϩ0.35, evolutionary invasibility should increase with increasing temperature (fig. S2 ). It is important to note that our model predicts evolutionary invasibility to increase with increasing temperature only when mutational step size is constrained (figs. S4, S8). Small mutational step size is, however, found across empirical systems (e.g., Castle 1941; Koufopanou and Bell 1991; Montagne et al. 1999; Flemming et al. 2000) , suggesting that the prediction is broadly applicable. To determine whether this prediction can distinguish the evolutionary-speed hypothesis from the niche-conservatism and species-energy hypotheses will, nonetheless, require additional theory. The reason is that the niche-conservatism and species-energy hypotheses make a similar qualitative prediction: steep richness-temperature relationships should correspond to evolutionary invasibility increasing with increasing temperature (assuming that resource supply increases with temperature).
Dynamic Gradients. The model evaluations discussed above provide a strong framework for distinguishing among the evolutionary-speed, species-energy, and nicheconservatism hypotheses. Nonetheless, if results remain mixed after repeated empirical evaluation of the model's static predictions, it may be useful to directly address the model's dynamical predictions. For example, examining a set of static relationships, Davies et al. (2004) did not support a causal linkage from temperature to evolutionary rates to species richness. This result may reject the evolutionary-speed hypothesis, or it may be due to highly nonlinear and dynamic relationships among temperature, evolutionary rates, and species richness (i.e., fig. 5 ). Extending Davies et al. (2004) to test our model's dynamical predictions would evaluate these possibilities. Using the dynamical predictions to distinguish among hypotheses would, however, require extending our model to include mechanisms underlying the species-energy and niche-conservatism hypotheses. Doing so would provide dynamical predictions for the individual and combined influences of all three hypotheses. In turn, a phylogenetic approach could be used to characterize empirical systems in terms of how thermal gradients in species richness and speciation rates vary through evolutionary time. Model simulations could be characterized in the same manner by first estimating phylogenies using extant taxa. These modelpredicted phylogenies could then be used to construct predicted thermal gradients in richness and speciation rate. In turn, model-predicted and empirically observed dynamical patterns, similar to those summarized in figures 5C and 5D, could be directly compared. The time may be ripe for such an approach: recently developed phylogenetic methods robustly characterize speciation rate through evolutionary time (Morlon et al. 2010 (Morlon et al. , 2011 Stadler 2011) , and well-resolved molecular phylogenies continue to accumulate for groups distributed across broad thermal gradients (e.g., Munro et al. 2011) .
Conclusion
This work contributes to the emergence of a process-based, predictive theory of biodiversity founded on explicit organismal processes. The model predicts that in the early to middle stages of evolutionary history, communities tend to diversify according to a "diversity-begets-diversity" principle. This results in a positive relationship between richness and evolutionary invasibility, whereby both increase with temperature. In the long term, richness may not vary with temperature, even though a positive relationship between evolutionary invasibility and temperature emerges and persists. This implies low invasibility and a stable species composition in warmer regions and higher invasibility and greater species turnover in cooler regions (consistent with Weir and Schluter 2007) . These results emphasize the importance of dynamical models merging organismal, ecological, and evolutionary processes for advancing our understanding of large-scale biodiversity patterns.
